Granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulates both the proliferation and functional properties of normal and leukemic myeloid cells via cell surface receptors. The postreceptor mechanisms for these t w o actions, and the extent t o which they represent overlapping biochemical pathways, have not been fully clarified. We have examined the actions of GM-CSF on the expression of c-myc, an early response oncogene associated with the proliferative stimulus of growth factors. GM-CSF reduced the population doubling time of HL-60 leukemia cells from 32 hours t o 25 hours, and, at concentrations that were correlated with mitogenicity, induced a rapid twofold increase in the level of c-myc mRNA. Nuclear runoff studies indicated that GM-CSF approximately doubled the transcription rate of e-myc by reversing the transcription attenuation that occurs at the exon 1-intron 1 junction. GM-CSF had no effect on the half-life of c-myc messenger RNA. The biochemical basis for the modulation of c-myc expression by GM-CSF was explored. GM-CSF treatment caused intracellular alkalinization HE RECOMBINANT HUMAN polypeptide granulo-
By Edward L. Schwartz , Helena Chamberlin, and Anna-Barbara Brechbuhl Granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulates both the proliferation and functional properties of normal and leukemic myeloid cells via cell surface receptors. The postreceptor mechanisms for these t w o actions, and the extent t o which they represent overlapping biochemical pathways, have not been fully clarified. We have examined the actions of GM-CSF on the expression of c-myc, an early response oncogene associated with the proliferative stimulus of growth factors. GM-CSF reduced the population doubling time of HL-60 leukemia cells from 32 hours t o 25 hours, and, at concentrations that were correlated with mitogenicity, induced a rapid twofold increase in the level of c-myc mRNA. Nuclear runoff studies indicated that GM-CSF approximately doubled the transcription rate of e-myc by reversing the transcription attenuation that occurs at the exon 1-intron 1 junction. GM-CSF had no effect on the half-life of c-myc messenger RNA. The biochemical basis for the modulation of c-myc expression by GM-CSF was explored. GM-CSF treatment caused intracellular alkalinization HE RECOMBINANT HUMAN polypeptide granulo-T cyte-macrophage colony-stimulating factor (GM-CSF) has several distinctive biologic effects on normal and transformed hematopoietic cells.'32 GM-CSF is a growth factor for committed myeloid stem cells both in vitro and in vivo, it potentiates the proliferative activity of other factors, and it maintains cell viability, induces the differentiation, and activates the functional properties of mature granulocytes and macrophages.','A role for GM-CSF in leukemia is suggested by its ability to stimulate colony formation from blast cells from patients with acute and chronic myeloid leukemia, and the identification of several patients whose leukemic blast cells produce autocrine GM-CSF.;.' These biologic actions of recombinant GM-CSF mimic those of its natural counterpart, and are also observed on the treatment of human leukemia cell lines in vitro." ' The cellular mechanisms by which GM-CSF mediates its multiple actions have not been determined. Both high-and low-affinity receptors have been detected on human hematopoietic cell^,^.'^ and a low-affinity receptor from human placenta has been cloned and characterized." The majority of studies evaluating the cellular actions of GM-CSF, including postreceptor events, have examined the mechanism by which GM-CSF primes normal granulocytes to the
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S. actions of chemotactic peptide^.'^.^' GM-CSF does not directly affect phagocytosis or superoxide production in neutrophils, but rather increases the cellular response to stimulants such as formyl-methionyl-leucyl-phenylalanine (fMLP). GM-CSF presumably acts on the cascade of events subsequent to fMLP binding to the cell surface, and modulation of several signal transduction pathways has been rep~rted.''.~'.~' The signal transduction pathway that modulates the growth stimulatory actions of GM-CSF has also been inve~tigated.~~"~ GM-CSF stimulates the proliferation and clonogenicity of HL-60 human leukemia cells, under certain conditions can promote the differentiation of the cell^,'^^ and also can potentiate the functional properties of the cells in response to fMLP (E.L. Schwartz, unpublished observation). There is a fivefold increase in the number of cell surface GM-CSF receptors as the HL-60 cells undergo granulocytic differentiation that is accompanied by an increase in mitogenic responsiveness to the growth factor.',' HL-60 cells have an amplified copy number of the c-myc oncogene, and c-myc expression has been closely linked to HL-60 growth and differentiati~n.~' Treatment of HL-60 cells with inducers of differentiation leads to a rapid reduction in c-myc expression, and inhibition of c-myc with antisense oligonucleotides causes growth arrest and differentiation of the cell^.^'.^^ We have investigated the mechanisms of GM-CSF signal transduction in the context of the mitogenic actions of the growth factor. In this study, we report that GM-CSF stimulates c-myc expression in HL-60 cells; furthermore, the transcriptional regulation of c-myc by GM-CSF appears to be directly opposite to the attenuating actions of the inducers of differentiation.
with some modification^.^&^^ Cells were lysed in buffer A (10 mmoVL Tris-HC1, pH 7.4, 10 mmol/L NaCI, 5 mmol/L MgCI,) containing 0.5% NP-40, and nuclei were isolated by centrifugation (1,500 rpm for 10 minutes) through buffer A containing 1.5 mol/L sucrose. Nuclei were resuspended in buffer A containing 1 mmol/L dithiothreitol and 40% glycerol, and were stored in liquid nitrogen. Labeling and purification of RNA was performed exactly as previously described39 using 2 x lo7 nuclei and 0.1 mCi 32P-UTP (800 Ciimmol; New England Nuclear, Boston, MA).
Recombinant M13 phage containing human c-myc fragments were kindly provided by Drs R. Dalla Favera and M. Groudine. The DNA inserts were as follows: a 535-bp Nsi IISma I fragment upstream from the c-myc transcription initiation site; a 443-bpXho IiPvu I1 fragment from exon 1; a 430-bp Sst I fragment from intron 1; and a 414-bp Pst I fragment from exon 2.33,40 M13 single-stranded c-myc sense DNA was isolated from culture supernatants and 2.5 kg was immobilized on nitrocellulose filters using a slot blot apparatus (Schleicher & Schuell, Keene, NH), as has been described. 37 The filters were prehybridized in 5X SSC with 0.5% nonfat dry milk for 2 hours. Purified labeled RNA (equal cpm from control and GM-CSF-treated cells) in the same buffer were then added, and hybridization was continued for 48 hours at 65°C. Filters were washed in 0.1X SSC, 0.1% sodium dodecyl sulfate (SDS) at 6WC, followed by incubation with RNAse (10 pg/mL in 2X SSC for 30 minutes at 37°C). Filters were exposed to Kodak XAR film at -85°C with intensifymg screens, and autoradiograms scanned with a densitometer. RNA extraction and analysis.
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cence emissions at 530 nm with excitation alternatively at 500 nm and 440 nm were measured in cell aliquots, and were expressed as the 5001440 ratio. Measurements were performed for at least 10 minutes before the addition of GM-CSF to the cuvettes; the effect of the GM-CSF was assayed for 30 minutes.
Cyclic adenosine monophosphate (CAMP) and cyclic guanosine monophosphate (cGMP) levels in cell extracts were measured by radioimmunoassay using commercially available kits (Amersham, Arlington Heights, IL). The limit of sensitivity of the assays was 2 fmol. HL-60 cells were suspended at 5 x 10S/mL and were incubated in fresh medium (RPMI 1640110% FBS) for 3 hours. GM-CSF (2.5 nmol/L) was added and aliquots of cells were removed at the specified time intervals. Boiling hot assay buffer (0.05 mol/L sodium acetate, pH 5.8) was immediately added, and the samples were boiled for an additional 5 minutes, cooled on ice, and centrifuged. Duplicate supernatant aliquots were acetylated and assayed according to the manufacturer's directions.
Cyclic nucleotide measurement.
RESULTS

GM-CSF stimulates cell proliferation and c-myc expression.
HL-60 cells exhibited exponential growth in suspension culture that was enhanced, but not dependent on, the presence of FBS. Recombinant human GM-CSF increased the rate of HL-60 cell proliferation in FBS, reducing the population doubling time during log phase growth from 32 to 25 hours (Fig 1) . In contrast, the effect of GM-CSF on doubling time was substantially blunted in serum-free defined medium (DM).
HL-60 cells contain amplified copies of the c-myc gene and express relatively high levels of a 2.5 kb c-myc messenger RNA (mRNA)?' GM-CSF increased the cellular levels of c-myc RNA in a concentration and time-dependent manner (Figs 2 and 3) , with a twofold increase in mRNA levels at 2.5 nmoliL GM-CSF that was first observed after 1   1  0  1  2  3  4  5  6  7 Time [days) hour of trcatmcnt. In all experiments, the RNA blots wcrc probed first with c-myc and suhscqucntly with actin. the latter uscd to correct for RNA loading whcn quantitating c-myc lcvcls. c-myc mRNA lcvcls rcmaincd clcvatcd for at lcast 5 hours with continuous GM-CSF trcatmcnt. Thc c-myc RNA lcvcl was rcduccd approximatcly 30% whcn the cclls wcrc transfcrrcd to DM, and trcatmcnt with 2.5 nmol/L GM-CSF in DM produccd a morc modcst incrcasc .- in c-myc mRNA whcn comparcd with scrumcontaining medium (Fig 2) . The elevation in c-myc RNA is due to tmnscriptional activation. The ccllular lcvcls of c-myc mRNA arc a function of the proccsscs of gcnc transcription, RNA processing, and mRNA dcgradation. Hcncc, agcnts such as GM-CSF can modulatc c-myc mRNA lcvcls by a numbcr of potential mechanisms. To cxaminc thc cffcct of GM-CSF on c-myc stability, RNA was isolated from control and GM-CSF-trcatcd cclls at 15-minutc intcrvals aftcr thc addition of a conccntration of actinomycin D that was suflicicnt to inhibit RNA synthcsis. As has bccn prcviously rcportcd for this and other ccll lints."." c-myc mRNA has a rclativcly short half-lifc of approximatcly 0.5 hours (Fig 4) . GM-CSF had no cffcct on thc stability of c-myc mRNA, nor did it affcct thc half-life of thc actin mRNA (Fig4).
Transcription was asscswd in HL-60 ccll nuclci by synthcsizing radiolabclcd RNA undcr conditions in which transcription clongation, but not initiation, occur.u RNA synthcsizcd in this manncr was then hyhridizcd to immohilizcd singlc-strandcd DNA fragmcnts rcprcscnting dcfincd rcgionsofthcc-mycscnscstrand (FigSA) .Thcsc414 to535 basc DNA fragmcnts had bccn cloncd in M13, wcrc roughly cqually spaccd along thc c-myc gcnc, and containcd scqucnccs from cxon I. intron I, exon 2, and upstrcam from For personal use only. on November 11, 2017. by guest www.bloodjournal.org From intron 1, and cxon 2 in the nuclci of cclls trcatcd with GM-CSF for 1 hour. The rolc of second mcsscngcrs and potential signal transduction pathways in the control of c-my cxprcssion was cxplorcd. Intracellular pH (pH,) was mcasurcd bascd on the fluorcsccncc of the pH-scnsitivc probe BCECF. after prcloading of the cclls with BCECF-AM. In all cxpcrimcnts, control and GM-CSF-trcatcd cclls wcrc analyzcd simultaneously and the diffcrcncc in fluoresccncc calculated. Data from three cxperimcnts providc cvidcncc for an incrcasc in pH, in HL-60 cclls trcatcd with GM-CSF (Fig 6) . Thc antibiotic nigcricin pcrmits cqualization of the H' conccntration across the ccll membrane, and, as has bccn dcscribcd, can be uscd as a positivc control."." Incubation of thc cclls with nigcricin in buffcrs with pH ranging from 6.25 to 7.75
Signal tmmduction and c-myc expwssion.
resulted in thc cxpcctcd incrcasc in fluorcsccncc (data not shown).
Thc rolc of the obscrvcd changcs in pH, in modulating the stimulation of c-myc cxpression was further cxplorcd using thc inhibitor of Na' transport, amiloridc. Sodium influx has hccn shown to be couplcd to H' cmux via a plasma membrane antiportcr." This cxchangc is a major pathway for Na' cntry into cclls and likcly plays an important rolc in rcgulating intraccllular pH.' ' Amiloridc is a sodium channel inhibitor that at high conccntrations has a widc range of ccllular cffccts, including inhibition of Na'/H' and Na'/Ca'' cxchangc, Na'/K' ATPasc, protcin kinase C, protcin tyrosinc kinascs, and adcnylatc cyclasc." Amiloridc, at a conccntration that inhibits sodium channcls (0.3 mmol/L), blockcd thc changc in pH, observed with GM- CSF treatment (Fig 6) , but had no effect on c-myc levels in control or GM-CSF-treated cells (Fig 7) . Higher concentrations of amiloride also did not block the actions of GM-CSF on c-myc. The ability of a variety of agents that can increase cellular cAMP levels to modulate the actions of GM-CSF was examined. Three compounds, cholera toxin, isoprotcrenol, and PGb, substantially lowered c-myc levels in GM-CSFtrcated cells (Fig 8) . However, a proportional decrease in c-myc was observed under control conditions in the absence of GM-CSF. Interestingly, pertussis toxin had no effect on c-myc mRNA levels either in control or GM-CSF-treated cells (Fig 8) . The possibility that cyclic nucleotides might be involvcd in thc GM-CSF signalling pathway was further explored by measuring ccllular levels of cAMP and cGMP by radioimmunoassay. Transient decreascs of 35% and 45% in cGMP and cAMP levels, respectively, occurrcd upon treatment with GM-CSF (Fig 9) . cGMP dcclined rapidly, reaching a trough at 5 minutes after GM-CSF and rcturaing to control levcls by 20 minutes. In contrast, the dccline in cAMP occurrcd over 30 minutcs, and did not rcturn to control levels until 180 minutes.
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DISCUSSION
The HL-60 leukemia cell has a relatively high level of c-myc expression that is further increased by GM-CSF. GM-CSF also stimulates the prolifcration of the HL-60 cells both in suspension culture and in semisolid In addition to its mitogenic activity, HL-60 cells that have been induced to undergo differentiation can be "primed" curs.'' Thc control of c-myc mRNA cxprcssion by GM-CSF appcars to be similar in nature but opposite in direction from that of the induccrs of diffcrentiation. The incrcasc in c-myc mRNA cxprcssion with GM-CSF occurs ovcr a pcrid of 2 hours and is due to transcriptional rathcr than posttranscriptional events. Thc transcriptional activation is duc primarily to thc rcvcrsal of thc c-myc clongation block; inducers of diffcrcntiation inhibit c-my cxprcssion by cnhancing thc clongation block at this same loci."." Thew obscrvations are consistcnt with the hypothcsis that c-myc stimulation by GM-CSF is mcchanistically rclatcd to the actions of thc hcmatopoictic growth factor. Rcccnt studics havc providcd somc insight into the mechanisms of GM-CSF signal transduction. In human ncutrophils, GM-CSF potcntiatcd the mcmbranc depolarizing action of MLP without having a dircct cffcct of its own on mcmbranc potential'".'"?"; however, this action was not scnsitivc to inhibitors of Na' or K' channels, nor was it rcquircd for thc augmentation of supcroxidc production.% GM-CSF incrcascd thc sensitivity of thc cells to intraccllular Ca" for activation of supcroxidc production, but did not dircctly clcvatc cytosolic frcc Ca" nor affcct thc rclcase of Ca" when used with MLP.'".'' The actions of GM-CSF appcar not to bc duc to effects on diacylglycerol production, phosphatidyl-inositol Icvcls, or protcin kinasc C activity, but wcrc associated with an increased release of arachidonic acid.'"'' Although somc of the biochcmical actions of GM-CSF in ncutrophils wcrc blocked by pertussis toxin.?'" it had no cffcct on c-myc cxprcssion in our studies with HL-fil cclls, indicating that this action of GM-CSF is not mcdiatcd cithcr dircctly or indirectly by a pertussis toxin-sensitive stcp. In agrccmcnt with our studics in HL-60 cclls. GM-CSF was prcviously found to causc the intracellular alkalinization of human ncutrophils and AML-193 lcukcmia cells; thc changc in pH, in all three cell types develops slowly, rcaching a maximal incrcasc over 20 to 30 minutes."." Although amiloridc did not affcct thc cxpression of c-myc in rcsponsc to GM-CSF in our studics, an amiloridc analog did inhibit GM-CSF-stimulatcd prolifcration of the AML-193 cells." In contrast to the AML-193 cclls, which arc strictly dcpcndent on GM-CSF for proliferation. the HL-60 cells havc circumvcntcd thc requircmcnt for cxogcnous growth factors for prolifcration; hcncc, they may also havc dcvelopcd altcrnativc pathways for somc of the biochcmical components of thc GM-CSF signal transduction pathway. Altcrnativcly, thcre arc qualitativc and quantitative differcnccs in thc Na+/H' exchanger that occur with HL-60 differentiation. which suggcsts that the stage of differcntia- 
Time (minutes)
For personal use only. on November 11, 2017. by guest www.bloodjournal.org From tion of the cells could influence their sensitivity to Na' channel blockers."
Agents that elevate CAMP or cGMP inhibit proliferation and induce and potentiate the differentiation of HL-60 ~ells.4~-~' Stimulation of CAMP also causes a large decline in the basal level of c-myc expression48349 (Fig 8) . These observations render problematic the interpretation of the observed effect of cholera toxin, isoproterenol, and PGE, on GM-CSF-induced changes in c-my expression. The reduction seen in CAMP and cGMP levels with GM-CSF treatment are consistent with, but not proof of, a role for these second messengers in the actions of GM-CSF. GM-CSF also causes a reduction in adenylate cyclase activity, but an increase in guanylate cyclase activity in normal human neutrophils." Recent studies have shown that an antisense oligonucleotide to the mRNA of the type 11, regulatory subunit of the CAMP-dependent protein kinase substantially reduced the level of this CAMP receptor in HL-60 cells.5o The antisense oligonucleotide had no direct effect on cell proliferation, but blocked the anti-proliferative actions of CAMP and potentiated the proliferative actions of GM-CSF.50351 In contrast, GM-CSF caused an elevation in the levels of the RI, subunit of the protein kinase, and an antisense oligonucleotide to the RI, subunit antagonized the actions of GM-CSF." These studies provide direct evidence for the role of CAMP and CAMPdependent protein kinase in mediating the actions of GM-CSF, but also illustrate the complexity of the system. Further studies are required to establish the role of cyclic nucleotides in GM-CSF signal coupling pathways.
